Tn551 insertional inactivation of femC is known to reduce methicillin resistance levels in methicillinresistant and -susceptible Staphylococcus aureus. By use of cotransductional crosses,femC was mapped close to thrB on the SmaI-A fragment of the S. aureus NCTC 8325 chromosome. The Tn551 insertionfemC::12005 was found to interrupt an open reading frame coding for a putative protein of 121 amino acids which is highly similar to the glutamine synthetase repressors (GlnR) of BaciUlus spp. Downstream offemC, an open reading frame highly similar to Bacillus sp. glutamine synthetases (GlnA) was found. Northern (RNA) blots probed with putative glnR or glnA fragments revealed that 1.7-and 1.9-kb transcripts characteristic of wild-type cells were replaced by less abundant 7.0-and 7.2-kb transcripts in the femC::Q2005 mutant. Total glutamine synthetase activity was also decreased in the mutant strain; the addition of glutamine to defined media restored the wild-type methicillin resistance phenotype of the femC mutant. This result suggests that the Q2005 insertion in glnR has a polar effect on glnA and that glnR and glnA are transcribed together as an operon. These results suggest that the loss of wild-type levels of glutamine synthetase and the consequent decrease in glutamine availability cause a decreased level of methicillin resistance.
Methicillin resistance in staphylococci is mediated by the mec determinant, containing mecA, which codes for lowaffinity penicillin-binding protein PBP2a or PBP2'. It has been suggested that PBP2a is a transpeptidase or an enzyme involved in a peptidoglycan synthesis system which operates at high concentrations of methicillin (4, 7) . Methicillin-resistant Staphylococcus aureus (MRSA) strains give rise to populations of cells that vary in their levels of susceptibility to methicillin. This phenomenon has been termed heterogeneity (15, 31) . The level of resistance and degree of heterogeneity are strain dependent and are affected by external factors (for a review, see reference 5) .
Since the discovery of a chromosomal locus outside the mec determinant at which mutations affect methicillin resistance in S. aureus (1) , a total of four such loci have been characterized and mapped (3) . These loci are said to contain fem (factors essential for methicillin resistance) genes (2) or aux genes (auxiliary genes) (34) . TnS51 insertional inactivation of either femA or femB abolishes methicillin resistance completely, while inactivation of either femC or femD reduces the basal resistance level (3, 13, 16) .
Three fem factors, femnAB and femD, are in some way involved in peptidoglycan synthesis. femAB is important in the formation of the pentaglycine bridge linking muropeptides (19) , and femD may be involved in the formation of a common peptidoglycan precursor (6) . The exact function of these genes is still in question.
We now present evidence that the Tn551 insertion femC::f12005 is in glnR, the gene coding for the repressor of the glutamine synthetase (GS) operon, glnRA. This insertion results in a polar effect on glnA transcription, leading to a reduction in GS activity and probably glutamine availability, Bacterial strains, plasmids, and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . Escherichia coli DHSa and plasmid pTZ18R were used in the cloning of the femC region. Transductions of femC::12005 were carried out with bacteriophage 80oa, and transductants were selected on 20 mg of erythromycin per liter. All bacteria were grown in LB (10 g of tryptone, 5 g of yeast extract, and 5 g of NaCl per liter) at 30 or 37°C and 200 rpm. Defined media with gradients of methicillin and with or without glutamine were incubated at 37°C. The defined medium of Townsend and Wilkinson (35) was used with the following modifications. Our defined medium contained (in milligrams per liter) aspartic acid (45), cystine (2) , isoleucine (3), methionine (3), tyrosine (5), adenine (5), cytosine (5), guanine (5), uracil (5) , and thymine (20) . Highly methicillinresistant colonies of BB589 were selected for by plating on LB plates containing 256 or 512 mg of methicillin per liter. E-tests (AB BIODISK, Solna, Sweden) were carried out on MuellerHinton agar with an inoculum turbidity equivalent to a 0.5 McFarland standard (25) .
DNA manipulations. All DNA manipulations, gel electrophoresis, blotting of DNA, and hybridization procedures were performed essentially as described by Maniatis et al. (20) . Restriction enzymes, a random-primer labeling kit, T4 DNA ligase, and calf intestinal alkaline phosphatase were purchased from Boehringer Mannheim Biochemica and were used according to the directions of the manufacturer.
Cloning offemC. A Hindlll library of femC::Tn551 mutant BB589 was ligated into pTZ18R and transformed into E. coli DH5cx. Plasmid pBBB104 (Fig. la) Analysis of the cloned femC region. When chromosomal DNAs fromfemC mutant BB589 and parent strain BB270 were digested with EcoRI and probed with the 0.3-kb AvaI-DraI femC fragment (Fig. 1) , a 3.6-kb band present in BB270 was replaced by an 8.0-kb band in BB589 (femC::TnSSJ). This was due to insertion of the 5.2-kb transposon TnS51 in the femC region (data not shown).
A HindIlI fragment of chromosomal DNA from strain BB589 was cloned, creating pBBB104 (see Materials and Methods) . A portion of the HindIl insert of plasmid pBBB104 up to the Tn551 insertion site and a 1,924-nucleotide Sau3A fragment containing the wild-type femC allele cloned from strain BB270 in plasmid pBBB105 were sequenced (Fig. 2) . Upstream sequence of a protein produced by ORF306 in Lactobacillus delbrueckii subsp. bulgaricus (Fig. 3a) . An 80-aa proteinencoding partially cloned ORF in Bacillus cereus was highly similar to ORF1 (Fig. 3a) . Both of these homologous ORFs are found upstream of the glnA genes of their respective organisms (14, 21 ). An inverted repeat 11 bp in length was found immediately downstream of the ORF1 stop codon (Fig.  2) . A similar structure was found following the stop codon of the partially cloned B. cereus ORF (21) .
The (12005 insertion occurred in an ORF (between nucleotides 1024 and 1025) coding for a protein highly similar to the GlnR proteins of B. subtilis and B. cereus (Fig. 3b) . Downstream of this ORF, separated by 18 nucleotides (Fig. 2) binding sites (Fig. 2) . As in B. subtilis GinA and B. cereus GlnA (21) , the N-terminal region of S. aureus GlnA has a 26-aa deletion, in comparison with GlnA of E. coli.
Transcription ofginRA and ORFI. A Northern (RNA) blot of various femC mutants and parent strains, probed with an internal 0.8-kb EcoRI glnA fragment (Fig. 1), is The faintly detected transcripts of low molecular weight in f12005 mutants could represent degradation products still retaining part or all of the ginA region or could have resulted from transcription initiating from within Tn5Sl.
When the same Northern blot was probed with a 0.6-kb PstI ORF1 fragment (Fig. 1) , a 2.8-kb transcript at the same intensity was present in all strains (data not shown).
GS activity. Because of the transcriptional alterations seen in the fQ2005 mutants, we measured the GS levels in isogenic Northern blot of total cell RNA probed with an internal 0.8-kb EcoRIglnA fragment from pBBB104 (Fig. la) Table 2 . In the fQ2005 mutants, including BB895 and BB905, the level of GS was 57 to 65% lower than that in the parent strains.
In strain BB913, the fQ2005 mutant of BB399, the level of GS was also reduced, but the difference between these two strains was not as dramatic (10 to 20% lower level) as the differences between the strains shown in Table 2 .
Growth on defined media with methicillin gradients. The isogenic Q2005 mutant and parent strains were streaked onto plates of defined media containing gradients of methicillin, with and without the addition of glutamine (Fig. 5) . BB255 (rows a) was more resistant than BB906 (rows b) without the addition of glutamine on the 0-to 2-mg/liter methicillin gradient plate. However, when the two strains were streaked onto a similar plate containing 0.6 mM glutamine, they both grew to the same resistance level. This was also true for another strain pair, BB270 (rows c) and BB589 (rows d), on both 0-to 2-and 0-to 120-mg/liter methicillin gradient plates.
With strains BB399 (rows e) and BB913 (rows f), no differences in resistance levels were observed on defined media with and without glutamine. This is because both strains grew in the presence of the highest methicillin concentration (120 mg/liter) under these conditions. However, when an E-test was performed with these two strains, BB913 had a reduced resistance level (4 mg/liter), in comparison with BB399 (24 mg/liter). Therefore, the lowered resistance level due to fQ2005 (11) . These results demonstrate that the genetic background and physiology of the studied strains differ.
In bacteria, glutamine biosynthesis occurs solely via the action of GS. The amido group of glutamine is used in the production of histidine, tryptophan, other amino acids, glucosamine 6-phosphate, p-aminobenzoate, NAD, purines, and pyrimidines. Glutamine is also used as a building block in protein synthesis (24, 27) . Thus, any one of a number of possible alterations in cell physiology caused by the femC::12005 mutation may cause the reduction of methicillin resistance levels in S. aureus.
It was previously reported that changes detrimental to peptidoglycan synthesis and structure occur when S. aureus is grown in the presence of ,B-lactams (for a review, see reference 18) and that mutations disturbing peptidoglycan synthesis in S. aureus also lower resistance to methicillin (6, 13, 19) . MRSA strains possess PBP2a, which may be involved in peptidoglycan synthesis (4, 7) . PBP2a is a prerequisite for high-level methicillin resistance. These findings indicate that genes necessary for the synthesis of cell wall peptidoglycan are important in determining resistance levels.
The muropeptide building block of S. aureus peptidoglycan contains isoglutamine residues (32) . The amidation of glutamate residues in peptidoglycan involves the participation of glutamine as a donor of NH4+ (29) . It has been suggested that in Gaffkya homari, these amidated residues are needed for efficient cross-linking (22) . The growth of S. aureus in the presence of penicillin decreases the number of amidated glutamate residues (33) and the level of cross-linking (18) in peptidoglycan.
femC::12005 could cause alterations in peptidoglycan synthesis and structure by decreasing the synthesis of glucosamine 6-phosphate and isoglutamine, thereby lowering the levels of cross-linking and methicillin resistance in S. aureus. In other words, the peptidoglycan in Q12005 mutants grown without exposure to methicillin might show some of the same characteristics as those seen in wild-type cells grown in the presence of methicillin. This situation is already known to apply to the peptidoglycan of femA::Tn551 and femB::TnSSl mutants, which is hypocross-linked before exposure to methicillin (6, 13) .
The number of TnSSI insertion sites outside the mec determinant affecting methicillin resistance may be rather high (8) . This evidence demonstrates the complexity of the inherent physiological and genetic requirements for an S. aureus cell growing in the presence of methicillin under laboratory conditions.
GS is "one of the oldest existing and functioning genes" (17) . Besides the functions of glutamine mentioned above, its production is the focal point of nitrogen assimilation in bacteria (24, 27) . We now show the partial genetic characterization of the ginRA operon of S. aureus. The S. aureus ginRA operon is arranged in a fashion similar to that in B. subtilis and B. cereus (21, 30) and is linked transductionally to the S. aureus thrB gene. This fact is of great interest, because these organisms are phylogenetically closely related (36) . Given the strong similarities of the S. aureus, B. subtilis, and B. cereus GlnA proteins, it is likely that S. aureus GS is a type I GS (17, 27 Further studies will be needed to find the mechanistic link between methicillin resistance and glnRA.
